Aims Both sitagliptin (SIT) and mitiglinide (MIT) can lower postprandial hyperglycemia. The purpose of this study was to examine differences in insulin and glucagon secretion after SIT or MIT administration when similar levels of plasma glucose (PG) were achieved for both agents following an oral glucose load. Patients and methods We directly compared the effects of these two agents in 16 type-2 diabetic patients (M/ F = 10/6, age 66 ± 3 years old, HbA1c 6.6 ± 0.5 %).
Introduction
The importance of avoiding postchallenge hyperglycemia to improve the quality of glycemic control in type-2 diabetic subjects has been underscored [1] . Oral hyperglycemic agents that reduce postprandial hyperglycemia include alpha-glucosidase inhibitors, glinides, and dipeptidyl peptidase-4 (DPP-4) inhibitors. While a beneficial effect of alpha-glucosidase inhibitors has been demonstrated [2] , their efficacy is limited due to adverse events associated with their use and their low potential to reduce glucose levels, given that they are not capable of inducing insulin secretion. On the other hand, both glinides and DPP-4 inhibitors facilitate insulin secretion in pancreatic beta cells. Lowering the postprandial plasma glucose concentration minimizes damage to vessel walls, thus reducing nateglinide-induced atherosclerosis [3] . It has been postulated that DPP-4 inhibitors work against cardiovascular events, and the administration of these inhibitors has been demonstrated to result in improvements in surrogate markers [4] . Prospective studies examining their effects on cardiovascular endpoints are in progress.
Both DPP-4 inhibitors and glinides reduce the plasma glucose (PG) concentration after an oral glucose load by facilitating insulin secretion in pancreatic beta cells, albeit through different mechanisms. Sitagliptin is a DPP-4 inhibitor that inhibits the degradation of incretins, i.e., glucagon-like peptide-1 (GLP-1) and gastric inhibitory polypeptide (GIP) [5] . GLP-1 acts through its receptors on pancreatic beta cells by enhancing insulin secretion during the hyperglycemic state while also normalizing the glucagon response to glycemic states, while GIP works to enhance glucagon secretion [6] . However, glinides act through the sulfonylurea receptor (SUR)-1 of pancreatic beta cells, inducing insulin secretion [7] . Mitiglinide is a synthesized non-sulfonylurea hypoglycemic agent that exerts a rapid but short-lasting hypoglycemic effect. This compound has been reported to enhance glucagon secretion transiently following sustained suppression [8] .
Therefore, the responses of insulin and glucagon to an oral glucose load following the administration of sitagliptin or mitiglinide are of great interest. However, there is no published report of a direct comparison of those two agents with regards to islet function, especially when similar levels of plasma glucose are achieved. In the work described in the present paper, we conducted a randomized crossover study to find differences in the effects of these two agents on hormonal levels following an oral glucose load when similar hypoglycemic potency was anticipated.
Patients and methods

Study design and participants
This randomized crossover multicenter study was conducted to examine the effects of sitagliptin (a DPP-4 inhibitor) and mitiglinide (a glinide compound) on insulin secretion and insulin sensitivity (possibly mediated by GLP-1 through its action on alpha cells as well as beta cells in the pancreas) during oral glucose tolerance tests (OGTTs). The main outcome was the area under the curve (AUC) for glucagon response during the OGTT following sitagliptin treatment or mitiglinide treatment.
Subjects had to be at least 20 years old and less than 75 years old. They also had to be type-2 diabetic patients with stable glycemic control for more than two months, and their HbA1c was required to be \9.4 %. Subjects taking pioglitazone or metformin were included. Subjects undergoing treatment with insulin, type-1 diabetic subjects, subjects taking alpha-glucosidase inhibitors or sulfonylureas, subjects with nephrotic syndrome, and subjects taking steroids, immune suppression medication, or azole antifungal medication were excluded. Subjects taking HIV protease inhibitors, subjects who had previously suffered serious adverse events while taking DPP-4 inhibitors and/ or glinides, subjects who had a stroke or acute coronary syndrome within 6 months before enrollment, subjects with severe heart failure (NYHA class 3 or higher) or severe arrhythmia, subjects who had elevated liver enzymes, subjects with malignancy, subjects who were pregnant or were attempting to get pregnant, and subjects with other conditions that led the doctor in charge to decide that they were not eligible for this study were also excluded.
Informed consent was obtained before the study. The original protocol and consent form was approved by the ethics committee of Saitama Medical Center, Saitama Medical University, and the protocol and consent form for each institute was approved by local independent ethics committees or institutional review boards before trial initiation.
Procedures
After obtaining written consent, the order in which sitagliptin and mitiglinide were administered to eligible patients was randomized using a central web response system. Patients received sitagliptin (50 mg qd for 1 week and 100 mg qd for an additional week) or mitiglinide (10 mg tid for 2 weeks) according to the randomization. These doses of both agents were designed to achieve similar glucose-lowering effects, based on the information in the Japan Pharmaceutical Reference (http://www.esearch.ne.jp/*jpr/). After two weeks, each patient crossed over to the other treatment. 75-g OGTTs were conducted before the study and after interventions. A flow diagram of the study is depicted in Fig. 1 .
An OGTT was started after a 10-12 h overnight fasting period at 9 am after basal sampling of blood for glycoalbumin and HbA1c as well as substrates and hormones, as described below. After basal sampling, patients were asked to take mitiglinide 10 mg, when assigned, before the administration of an oral glucose load. A stopwatch was started when the thyroid cartilage moved down after the first swallow of Trelan Ò -G75 (Ajinomoto Pharmaceuticals Co. Ltd., Tokyo, Japan), which is equivalent to 75 g glucose as a metabolic product. Alternatively, patients were asked to take sitagliptin they had finished drinking the Trelan Ò -G75. Blood was sampled at 30, 60, 90, 120, and 180 min after the start of the test in order to measure glucose, triglyceride, insulin, C-peptide, proinsulin, glucagon, and GLP-1.
Plasma or serum samples were obtained according to the recommended procedure for assays. The samples were cooled at 4°C before separation to obtain serum or plasma. They were then frozen at -80°C before they were sent to the central laboratory of Mitsubishi Kagaku Bio-Clinical Laboratories, Inc. (Tokyo, Japan). Glucose and triglyceride were measured enzymatically, and insulin, C-peptide, proinsulin, glucagon, and GLP-1 were measured by ELISA using specific antibodies in the central laboratory. Samples obtained for the glucagon assay were placed into vials containing aprotinin. Samples were extracted for the GLP-1 assay and added to vials containing diprotin A (a DPP-4 inhibitor) and GLP-1 before measurements. Biologically active forms of GLP-1 [i.e., GLP-1(7-36)amide and GLP-1(7-37)] were measured by ELISA (Linco Research, St. Louis, MO, USA) according to the Guideline for Incretin Measurement (http://www.jds.or.jp/uploads/photos/786. pdf) issued by the Japan Diabetes Society.
Calculation and statistical analysis
The insulin secretion rate (ISR) during the OGTT was calculated by deconvolving the plasma C-peptide concentration using the ISEC software package developed by Hovorka et al. [9] . The ISR was related to the glucose stimulus by dividing the incremental area under the ISR curve by the incremental area under the plasma glucose curve. HOMA-IR and HOMA-beta were calculated as described previously [10] . The Matsuda index incorporates both hepatic and muscle components of insulin sensitivity, correlates well with the results of the euglycemic insulin clamp technique, and was calculated as reported previously [11] . This made it easier to understand values, since the simple raw value obtained from the calculation was too large and difficult to assess. The deposition index (insulin secretion/insulin resistance) was determined by dividing DISR/DPG by the severity of insulin resistance (IR) [DISR(AUC)/DG(AUC) divided by IR], where IR was measured as the inverse of the Matsuda index [12] . The incremental area under the concentration curve of hormone or substrate concentration was calculated according the trapezoid rule.
The Wilcoxon signed-rank test (Mann-Whitney U test) was used to compare the data obtained from the OGTTs. All statistical analyses were performed using SPSS version 21.0 (IBM SPSS Statistics, Chicago, IL, USA). Data are expressed as the mean ± SD. Data with p values of \0.05 were considered significant.
Results
Sixteen type-2 diabetic patients were randomized to start either medication in addition to the pills that they were already taking. We directly compared the effects of these two agents in the 16 type-2 diabetic patients, as shown in Table 1 . Average age was 66.2 ± 3.4 years old, and average BMI was 24.4 ± 3.6 kg/m 2 . Average duration of diabetes was 11.5 ± 9.1 years, and average recent HbA1c was 6.6 ± 0.5 %. No advanced diabetic complications were reported. There were no differences between the Fig. 1 Flow diagram of the study. During week 1, 50 mg sitagliptin were administered orally in the morning after breakfast; in week 2, this was increased to 100 mg sitagliptin. Mitiglinide treatment consisted of 10 mg mitiglinide tid orally before each meal for two weeks. A 75-g OGTT was performed at the end of each treatment period Secretion of islet hormones by glinide or DPP-4 inhibitor 27 features of the subjects who started mitiglinide first and those of the subjects who started sitagliptin first. Subjects taking pioglitazone (n = 2) and metformin (n = 9) were asked to continue taking them as prescribed during the whole study. The area under the curve (AUC) up to 180 min for PG response was similar regardless of the agent taken, and lower than before treatment ( Table 2 ).
The basal insulin secretion rates [0.86 ± 0.15 at baseline (BASE), 1.03 ± 0.38 after mitiglinide (MIT) treatment, and 1.11 ± 0.56 pmol/kg per min after sitagliptin (SIT) treatment] were similar before the study, and there were no differences after taking mitiglinide or sitagliptin.
As expected, an increase in GLP-1 was only detected in the sitagliptin treatment, as shown in Fig. 2 . The basal GLP-1 level was three times higher (3.53 ± 0.96 pmol/l) after sitagliptin treatment than those of BASE (1.14 ± 0.32) and MIT (1.37 ± 0.69).
Excursion curves for glucose, insulin, C-peptide, proinsulin, glucagon, and triglyceride during 75-g OGTTs in the subjects before and two weeks after the start of mitiglinide or sitagliptin intervention are depicted in Fig. 3 . To facilitate a comparison of the substrate and hormone responses, we calculated the area under the curve in each case (AUC). The AUC for glucagon response during the OGTT after sitagliptin treatment was not significantly decreased compared to the baseline (76.9 ± 18.9 in MIT, 74.2 ± 22.4 in SIT, and 73.2 ± 19.9 ng/ml in BASE). Despite a slight, nonsignificant increase in basal glucagon levels in the SIT treatment (76.6 ± 4.3 vs 70.8 ± 18.1 in MIT, and 73.9 ± 19.9 pg/ml in BASE), a significant decrease in the AUC of glucagon was observed, whereas MIT treatment failed to suppress the glucagon concentration (-432 ± 2322 vs MIT 1116 ± 2520 pg/ml min, p \ 0.05) (Fig. 4) .
The SIT and MIT treatments did not yield significantly different values of HOMA-IR or HOMA-beta. There also were no differences between the treatments in the Matsuda index (11.1 ± 6.6 in SIT, 9.9 ± 5.2 in MIT).
While basal insulin secretion rates (ISRs) were similar for both treatments, the incremental AUC of ISR was significantly lower in the SIT treatment (522 ± 108 vs 702 ± 288 pmol/kg per min min, p \ 0.01), and the DAUC of insulin (2556 ± 2088 vs 3240 ± 2070 lU/ ml min in MIT, p \ 0.05) and the DAUC of C-peptide (486 ± 234 vs 630 ± 288 ng/ml min in MIT, p \ 0.01) were smaller in the SIT treatment. There was no difference between the treatments in the disposition index (Table 2 ). Figure 5a plots the ISR versus time. This excursion curve indicates that mitiglinide treatment increased the ISR as compared with the ISR afforded by sitagliptin treatment or the baseline rate. Plotting the ISR data against the concomitant plasma glucose concentrations measured during the OGTT enabled the glucose-stimulated insulin secretion (GSIS) to be assessed (Fig. 5b) . The GSIS was not decreased by sitagliptin administration.
The AUC of proinsulin was decreased in the SIT treatment (2700 ± 684, vs MIT 3852 ± 1764, p \ 0.01; vs CON 3096 ± 1548 pmol/l min, p \ 0.05). Basal triglyceride levels were reduced by MIT treatment (92 ± 47 vs 112 ± 14 mg/dl in SIT, p \ 0.01). Although this decrease was not significant, the DAUC of TG was lower (-2376 ± 3060 vs -954 ± 1206 mg/dl min in MIT).
There were no differences in the values of parameters for subjects who were treated with sitagliptin first and those treated with mitiglinide first in this study. There were no treatment-related abnormalities based on laboratory measurements such as liver function tests, creatinine, and urinalysis for ketones and proteins. Furthermore, there were no changes in vital signs such as heart rate and blood pressure with either treatment. There were no hypoglycemic episodes.
Discussion
Similar glycemic levels were achieved after an oral glucose load in this study after treatment with either sitagliptin or mitiglinide. Although the area under the curve (AUC) for glucagon response during an OGTT was slightly lower for the sitagliptin treatment, it was not significantly less than that seen with the mitiglinide treatment. However, a decrease in the AUC for glucagon was observed after treatment with sitagliptin, while treatment with mitiglinide failed to suppress glucagon concentration. There was no difference between the treatments in insulin resistance and insulin sensitivity as assessed by HOMA-IR and the Matsuda index. Although at first glance the ISR seemed to be greater for the mitiglinide treatment, the disposition indices were similar for both treatments. In addition, the GSIS was not lower in patients treated with sitagliptin. Since this study was designed to achieve similar hypoglycemic potencies with the two medications, there were no differences between the treatments in glycoalbumin and 2-h PG after OGTTs. However, the FPG was lower when sitagliptin was assigned, as the short duration of action of mitiglinide meant that it was not potent enough to counter glucose toxicity over consecutive days. On the other hand, it seems likely that sitagliptin continued to work until at least the next morning when the dose was 100 mg per day. Sitagliptin at 100 mg per day may significantly suppress DPP-4 overnight, as demonstrated by a dose-response increase in inhibition [5] . It is therefore no wonder that GLP-1 levels were increased during the fasting state, resulting in a reduced fasting PG. This may have caused the slight increase in the basal GSIS in the sitagliptin group compared with the baseline GSIS and that observed in the mitiglinide group (Fig. 4) .
Although both sitagliptin and mitiglinide facilitated insulin secretion, reduced glucagon responses and reduced insulin responses were observed in the sitagliptin treatment a b c d e f Fig. 3 Excursion curves for a glucose, b insulin, c Cpeptide, d proinsulin, e glucagon, and f triglyceride during 75-g OGTTs in subjects before (gray circles) and two weeks after the start of mitiglinide treatment (blue triangles) or two weeks after the start of sitagliptin treatment (green squares). Each data value is expressed as the mean ± SD. Statistics were examined using the Wilcoxon rank-sum test. *p \ 0.05, **p \ 0.01 vs mitiglinide compared to those seen in the mitiglinide treatment. In addition, levels of proinsulin/insulin and proinsulin/Cpeptide (indicators of beta-cell working stress) were significantly lower with sitagliptin treatment. The D-phenylalanine derivative nateglinide, a short-acting insulin secretagogue, has been reported to have DPP-4-inhibitor-like potency [13] or the ability to secrete GLP-1 through its amino-acid-like structure independent of a K-ATP channel [14] . However, mitiglinide has never been reported to act in this way, and we did not observe any additional increases in GLP-1 concentration after an oral glucose load during mitiglinide intervention (Fig. 2) . Comparisons of the effects of a DPP-4 inhibitor and those of mitiglinide have been conducted in mice [15] and in humans [16] . Repaglinide also had no effect on GLP-1 in humans [17] .
We also observed a significant acute decrease in the triglyceride concentration after glucose administration with sitagliptin treatment. In a previous study, when postprandial levels of both lipids and glucagon after three months of treatment with sitagliptin were compared with those after three months of treatment with nateglinide, triglycerides were found to be significantly suppressed in the sitagliptin group [7] . A significant decrease in the serum glucagon level was also observed at 1 h postprandially in the sitagliptin group in that study. Although the duration of treatment was different in our study, similar responses in terms of triglycerides and glucagon were observed. However, in our study, the fasting triglyceride and glucagon levels showed the opposite behavior after the two weeks' intervention. Since the fasting PG was significantly lower after sitagliptin treatment due to increased fasting insulin concentrations and GLP-1 levels, glucagon secretion may be controlled and suppressed using this intervention, as previously proposed [18] . It is possible that glucagon levels were slightly elevated to avoid hypoglycemia, resulting in a slight increase in fasting triglycerides, which may help to avoid hypoglycemic attacks while using sitagliptin.
We believe that using the plasma C-peptide concentration as a measure of pre-hepatic insulin secretion provides a more direct measure of GSIS and beta-cell function, although another study [7, 19] suggested that hepatic insulin extraction does not affect insulin-derived calculations of beta-cell function. We conducted this study by administering an oral glucose load, since excluding the min pg/ml Fig . 5 a The insulin secretion rate in subjects was calculated and plotted versus time during a 75-g OGTT performed before (gray circles) and two weeks after the start of mitiglinide treatment (blue triangles) or two weeks after the start of sitagliptin treatment (green squares). b Plotting the ISR data against the concomitant plasma glucose concentrations measured during the OGTT enabled the glucose-stimulated insulin secretion (GSIS) to be assessed in subjects before (gray circles) and two weeks after the start of mitiglinide treatment (blue triangles) or two weeks after the start of sitagliptin treatment (green squares). Each data value is expressed as the mean (bold horizontal bar) ± SD (vertical bar)
Secretion of islet hormones by glinide or DPP-4 inhibitor 31 gastrointestinal tract by administering the glucose load intravenously may limit our physiologic understanding of beta-cell function in vivo. This study was primarily designed to compare the acute glycemic responses of the patients to the two treatments, so a longer-term study was not considered necessary. Longterm use of these agents may yield different results, but they would be affected by any changes in body weight or other factors. However, for the first month of SIT treatment, the study reported in a previous study [7] gave similar results to those seen for the SIT treatment in our study, while the effect of nateglinide was limited in the same study. Although nateglinide exhibits DPP-4-inhibitorlike action [13, 14, 20] , its beneficial effects were significantly exceeded by those of sitagliptin. In addition, nateglinide failed to show any beneficial effects on glucose metabolism and cardiovascular events in the NAVI-GATOR study [21] . Possible reasons include increased body weight and the occurrence of hypoglycemia, which are not likely to be induced by sitagliptin.
One limitation of the present study was the lack of a medication washout period between the two treatment periods. However, since the half-lives of both sitagliptin (12 h) and mitiglinide (1.2 h) are short, and assessments were conducted two weeks after the patients had crossed over to the other treatment, any carryover effect is unlikely. A test for carryover using patients nested within sequence as the error term revealed no evidence of any carryover effect. Moreover, as the study was primarily designed to compare the acute glycemic responses of the patients to the two treatments, a longer study duration was not considered necessary; this approach was also adopted in a similar study [22] . In addition, terminating the administration of a hypoglycemic agent may cause glucose toxicity, which may affect the results. However, since the order of agent administration was randomized for the patients, the conclusions drawn based on the results of this study are scientifically robust.
There are other limitations to this study. The number of subjects included was not large. However, it should be possible to compare the responses of each patient to the two treatments in this study design, and all of the participants returned at the exact time scheduled for this study. Therefore, we believe that the results reflect basic pharmacological data for humans, and increasing the number of subjects may not be ethically appropriate. Also, we only administered an oral glucose load; we did not use mixed meals. However, we wanted to elucidate differences in the mechanisms of action of sitagliptin and mitiglinide, especially on insulin secretion and insulin sensitivity (possibly mediated by GLP-1 through its action on alpha cells as well as beta cells in the pancreas) during OGTTs. The data shown here should prove helpful when attempting to understand differences in the effects of DPP-4 inhibitors and glinides when they are used in clinical situations.
In conclusion, the glucagon and insulin responses were suppressed by sitagliptin treatment as compared to mitiglinide treatment after an oral glucose load. In addition, as demonstrated by reduced proinsulin levels, less beta-cell stress occurred in the sitagliptin treatment. Both the normalization of alpha-cell function and the protection of betacell function in the pancreatic islets by sitagliptin were successfully demonstrated in this study. It may be better to use DPP-4 inhibitors rather than mitiglinide when postprandial hyperglycemia is a concern in the treatment of type-2 diabetic patients.
